The in-plane normal-state transport properties of electron-doped superconductor ͑La 2−x Ce x ͒CuO 4 ͑LCCO͒ thin films with 0.06ഛ x ഛ 0.17 are studied in magnetic fields up to 40 Tesla. For the whole doping region investigated, the negative magnetoresistivity ͑n-MR͒ is found below certain temperatures, with minimum n-MR near the optimal doping ͑0.10-0.11͒. In the superconducting region ͑x = 0.09-0.17͒, all the LCCO films show crossover from positive MR to n-MR. For x = 0.09, the magnetic field corresponding to the crossover from positive MR to n-MR shows a parabolic behavior with varying temperature. For x = 0.12, second crossing point of ͑B , T͒ curves is observed by tuning the magnetic field. DOI: 10.1103/PhysRevB.77.172503 PACS number͑s͒: 74.25.Fy, 74.40.ϩk, 74.72.Ϫh Studying the normal-state transport behavior by suppressing the superconductivity with high magnetic fields is an effective method to gain an insight into the intrinsic features of high-T c superconductors ͑HTSCs͒. 9,10 so their superconductivity is easier to be suppressed to look into the normal-state properties and the magnetoresistivity naturally becomes the first effect to be studied. For example, recently, the low temperature longitudinal negative magnetoresistivity ͑n-MR͒ has been investigated for Nd 2−x Ce x CuO 4 ͑NCCO͒ and Pr 2−x Ce x CuO 4 ͑PCCO͒ systems. 7, 11 Further, it should be noted that the n-type HTSCs have their own special features compared to the p-type counterparts, such as the Fermi surface evolving with doping due to the existence of both electronlike and holelike charge carriers; 12 the in-plane resistivity obeying the two-dimensional ͑2D͒ Fermi liquid model under the optimaland overdoping levels. 13 Therefore, the study of the normalstate properties in high magnetic fields is necessary to be performed in a wide range of doping for n-type HTSC. On the other hand, the metastable phase superconductor La 2−x Ce x CuO 4 ͑LCCO͒, with the highest T c so far in the n-type superconductor family, 14 is rarely studied compared to other n-type HTSC, especially in high magnetic fields.
Studying the normal-state transport behavior by suppressing the superconductivity with high magnetic fields is an effective method to gain an insight into the intrinsic features of high-T c superconductors ͑HTSCs͒. [1] [2] [3] [4] [5] [6] [7] So far, such investigations are mostly focused on the underdoped p-type cuprates, such as La 2−x Sr x CuO 4 , 1 Bi 2 Sr 2 CaCu 2 O 8+x , 2 and YBa 2 Cu 3 O 6+x ͑Ref. 4͒ systems, since for the superconductors with nearly optimal doping level, the upper critical magnetic field B c2 ͑order of ϳ100 Tesla͒ 8 is too high to be achieved. The n-type HTSCs have relatively lower B c2 ͑order of ϳ10 Tesla͒, 9 ,10 so their superconductivity is easier to be suppressed to look into the normal-state properties and the magnetoresistivity naturally becomes the first effect to be studied. For example, recently, the low temperature longitudinal negative magnetoresistivity ͑n-MR͒ has been investigated for Nd 2−x Ce x CuO 4 ͑NCCO͒ and Pr 2−x Ce x CuO 4 ͑PCCO͒ systems. 7, 11 Further, it should be noted that the n-type HTSCs have their own special features compared to the p-type counterparts, such as the Fermi surface evolving with doping due to the existence of both electronlike and holelike charge carriers; 12 the in-plane resistivity obeying the two-dimensional ͑2D͒ Fermi liquid model under the optimaland overdoping levels. 13 Therefore, the study of the normalstate properties in high magnetic fields is necessary to be performed in a wide range of doping for n-type HTSC. On the other hand, the metastable phase superconductor La 2−x Ce x CuO 4 ͑LCCO͒, with the highest T c so far in the n-type superconductor family, 14 is rarely studied compared to other n-type HTSC, especially in high magnetic fields.
Based on this consideration, the normal-state transport properties of LCCO with 0.06ഛ x ഛ 0.17 in the magnetic fields of up to 40 Tesla are investigated in this study. The optimal doping is x ϳ 0.10, which is determined by its highest zero transition temperature T c and sharpest transition among all the LCCO thin films. All the samples show n-MR effect, and for x ഛ 0.09, the n-MR effect is quite strong, while for x ജ 0.09, with increasing the magnetic field, the ͑T , B͒ curves first demonstrate a positive magnetoresistivity ͑p-MR͒ that leads to the appearance of crossing point ͑CP͒ for the ͑T , B͒ curves, then cross over to n-MR at certain higher fields, B pn s. The minimum n-MR is observed near the optimal doping. Moreover, B pn versus temperature shows a parabolic behavior for x = 0.09, and second CP is observed for x = 0.12 when the field is increased to ϳ34 Tesla.
All the LCCO thin films were prepared by dc magnetron sputtering. 15, 16 To obtain LCCO thin films with high quality, we carefully adjusted the deposition temperature, the ratio of Ar to O 2 , and the annealing process for each doping level. 17 Owing to the undetermined oxygen content in films, we chose the highest T c and sharp transition of the annealed films for each Ce content. All the films are c-axis oriented with thickness of ϳ1000 Å and were patterned into the bridges with six terminals for the transport measurements in pulsed magnetic fields ͑0 -40 Tesla͒ at the K. U. Leuven and in dc magnetic fields of up to 12 Tesla by using the Quantum Design PPMS-14 setup. The samples were mounted with B Ќ ab plane and BЌ current I. The heating effect due to eddy current is negligible since the data obtained from both up and down sweeps of the magnetic field coincided with each other. The ͑T , B͒ measurements at different fields ͑in-cluding B =0͒ were performed for LCCO thin films with x = 0.06, 0.08, 0.09, 0.10, 0.11, 0.12, 0.13, 0.15, and 0.17.
In Fig. 1 , we present ͑T , B͒ curves for LCCO thin films with x = 0.09, 0.12, 0.15, and 0.17 and T c = 22.5, 19, 12, and 3 K, respectively. In Figs. 1͑a͒ and 1͑b͒, one can see that the films in the superconducting doping region with x = 0.09 and 0.12 tend to be insulating with increasing magnetic field. The ϰ B 2 relation is observed in certain field range, which might be resulted from the coexistence of electronlike and holelike charge carriers near optimal doping. 10 Figures 1͑c͒ and 1͑d͒ show the ͑T , B͒ data for x = 0.15 and 0.17, respectively, and a distinct superconductor-metal phase transition is observed. In contrast to that, the films with x = 0.06 and 0.08 are nonsuperconducting, and the insulator-metal ͑IM͒ phase transition is revealed, which starts from the minimum resistivity temperature T min ϳ90 and 88 K, respectively, at zero magnetic field ͓see insets of Figs. 2͑a͒ and 2͑b͔͒. The 2D localization effects 18 or Kondo scattering 19 could be responsible for a log T resistance in zero field in these samples. Figure 2 shows the isothermal ͑B͒ curves for LCCO thin films with x = 0.06, 0.08, 0.09, 0.12, and 0.15. As seen in Figs. 2͑a͒ and 2͑b͒, the LCCO thin films with x = 0.06 and 0.08 in the magnetic field show quite strong n-MR in the temperature region below T min . Now, we focus on the n-MR effect in the LCCO thin films with superconductivity suppressed by magnetic field. With increasing the magnetic field, all these superconducting films first show p-MR and then cross over to n-MR at certain magnetic fields, B pn s; the B pn of x = 0.09 particularly presents a parabolic relation with T ͓inset of Fig. 2͑c͔͒ . For the slightly underdoped ͑x = 0.09͒ and overdoped ͑x = 0.12͒ films, the isothermal ͑B͒ curves show a CP at relatively lower fields in the p-MR region; especially, second CP is observed for x = 0.12 at higher field to ϳ34 Tesla. This is a finding for the transport feature of such n-type HTSC.
We first focus on the relation between the n-MR effect and the doping level. The normalized MR, ⌬͑B͒ / max ͓͑͑B͒ − max ͔ / max ͒, versus the Ce content x at 4.5 K is plot- 
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FIG. 1. ͑Color online͒ Resistivity vs temperature at different fields for the LCCO with x = ͑a͒ 0.09, ͑b͒ 0.12, ͑c͒ 0.15, and ͑d͒ 0.17. Note that for x = 0.09 and 0.12, the x axis is plotted in logarithmic scale. In ͑d͒, there is a second crossover ͑indi-cated by red arrow͒, which may mean a phase transition for x = 0.12, The insets: zero field resistivity vs temperature for x = ͑a͒ 0.06 and ͑b͒ 0.08, enlarged ͑B͒ curves for ͑c͒ x = 0.09, and ͑B͒ curves for ͑d͒ x = 0.15. Note that for x = 0.06 and 0.08, the x axis is plotted in logarithmic scale. ted in Fig. 3͑a͒ . Here, max is the maximum of ͑B͒, at which the crossover of p-MR to n-MR occurs. In order to present the n-MR effect, the MR value in the field B Ͻ B pn is defined as zero. At B = 30 Tesla, we can see that ⌬͑B͒ / max changes from −30% ͑x = 0.06͒ to nearly zero ͑x = 0.09͒ and then to −10% ͑x = 0.12͒. Obviously, the n-MR is stronger in the underdoped and the slightly overdoped regions, with the minimum n-MR near the optimal doping. In Fig. 3͑b͒ , we plot the B pn at various temperatures for LCCO thin films in the superconducting region with x = 0.09, 0.12, 0.15, and 0.17. The main arguments about this can be summarized as follows: ͑i͒ the higher the T c is, the larger the B pn is; ͑ii͒ the B pn decreases with decreasing temperature except that of x = 0.09, which first decreases and then increases ͓inset of Fig. 2͑a͔͒ ; ͑iii͒ for all these doping levels, the B pn ͑T͒ in higher temperature region lies on the same straight dashed line, which may mean a common origin of the n-MR for the investigated LCCO thin films; ͑iv͒ the B pn deviates from the dashed line at low temperatures. We note that in the electron-doped Pr 2−x Ce x CuO 4−␦ films, B pn obviously decreases with decreasing temperature for x = 0.16 ͑Ref. 7͒; on the contrary, the B pn increases with decreasing temperature in the hole-doped La 2−x Sr x CuO 4 film with x = 0.08. 1 Moreover, in InO x films, with decreasing temperature, the B pn decreases for sample with lower H c2 ͑0͒ ͑mean-field upper critical field͒ but increases for higher H c2 ͑0͒. 8 Hence, we may infer that not only one reason results in the behavior of B pn versus temperature, i.e., the starting of n-MR effect.
The origin of the n-MR is still under debate, as known as the delocalization, 20 the suppression of spin density wave ͑SDW͒ gap ͑⌬ SDW ͒, 21, 22 and the depairing of the Cooper pairs.
8 First, we consider the possible surviving of locally Cooper pairs due to the quantum phase fluctuation. 23 If localized Cooper pairs are destroyed when the magnetic field is further increased, the quasiparticles will contribute to transport, which should result in the n-MR effect. 24 However, the B pn s are larger than the B c2 values for these doping levels, especially for x = 0.09, 25 and the lower the temperature, the harder the magnetic field is to destroy the localized Cooper pairs, that is, the B pn should increase with decreasing temperature. We cannot exclude the possibility of remaining superconductivity above B pn in x = 0.12 and 0.15, which may be responsible for the deviation from the straight dashed line ͓Fig. 3͑a͔͒. While, the field suppression of ⌬ SDW seems to be more reasonable for the deviation from the straight dashed line, especially for x = 0.09. On one hand, ⌬ SDW opens at certain temperature and higher fields are needed to suppress it at lower temperatures, that is, the B pn increases with decreasing temperature; on the other hand, in PCCO 21 and NCCO, 22 the magnitude of this gap decreases to zero from underdoped region to x ϳ 0.17 and x Ͻ 0.15, respectively. Similarly, for LCCO, the deviation from the straight dashed line should be reduced with increasing doping. Then, we may find a proper explanation for the straight line behavior of B pn ͑T͒ ͑ii͒. Simply, the localized charge carriers delocalize with increasing magnetic field, which causes n-MR. Meanwhile, the destroying of superconductivity, two kinds of charge carriers, 10 or particle-particle interaction channel will cause p-MR, 20 so B pn appears. It is harder to suppress spin disorder at higher temperatures so that the B pn may decrease with decreasing temperature. The Hall measurements prove that the optimal doped LCCO films have smallest rich oxygen or oxygen vacancy and have the highest T c , which is why the optimal doping has the minimum n-MR. Finally, we take x = 0.12, for example, to test the possible delocalization process.
The crossing point of ͑B , T͒ might represent a 2D transition controlled by quantum phase fluctuations. It is known that the transport in LCCO samples is highly twodimensional, especially near the optimal doping, 13 so we use the scaling law of the 2D macroscopic quantum phase coherence 26, 28 to analyze the second CP for x = 0.12, that is, the data near the CP should obey the scaling R͉͑B − B cp ͉ , T͒ ϰ R cp f͉͑B − B cp ͉T −␥ ͒. 26, 27 Here, f͉͑B − B cp ͉T −␥ ͒ is a dimensionless scaling function, and ␥ =1/ z, with and z as the correlation length and dynamical exponent, respectively. B cp and R cp represent the magnetic field and resistivity at CP, respectively. Figure 4͑a͒ demonstrates that the data around the second CP ϳ34 Tesla satisfy this scaling over more than two decades of ͉B − B cp ͉T −␥ , with the R cp ϳ 89 ⍀ cm and best fitting parameter ␥ = 1.35. The second CP may reveal the phase transition from the localization ͑in-sulating state͒ to the delocalization ͑metallic state͒ of the electronic states. 26, 28, 29 It is interesting that such scaling is also satisfied for the first CP at ϳ5 Tesla, as seen in Fig.  4͑b͒ , with the same R cp ϳ 89 ⍀ cm and best fitting param- eter ␥ = 1.35. The differences are B cp and the transport behavior below and above B cp . It should also be noted that the scaling exponent ␥ = 1.35 is much larger than that for the IM transition in heavily Si-doped Al 0.3 Ga 0.7 As. 28 This is mainly due to the different nature of these materials. 27 The delocalization process can also be clearly seen in Figs. 1͑a͒ and  1͑b͒ , where ͑T , B͒ decreases in the low temperature region when the magnetic field is increased to higher value, especially for x = 0.12. We may even speculate that the second CP for x = 0.09 could exist in much more higher magnetic field that is beyond our present measuring ability. However, we should note that not all samples' ͑T , B͒ curves cross well in certain ͑B , T͒ region possibly due to superconducting fluctuations, thermal fluctuation, and complicated backgrounds of HTSC.
In conclusion, the normal-state transport properties of LCCO thin films are systematically studied by applying high magnetic field to suppress the superconducting state. The heavily underdoped LCCO thin films show quite strong n-MR effect, while in the superconducting region, the LCCO thin films demonstrate a crossover from p-MR to n-MR around magnetic field B pn , and the minimum n-MR is found in the optimally doped region. For slightly underdoped ͑x = 0.09͒ LCCO thin films, the B pn shows a parabolic relation with temperature. We argue that both field suppression of SDW gap and field-induced delocalization cause the n-MR behavior and result in this parabolic behavior of B pn ͑T͒. The slightly overdoped ͑x = 0.12͒ LCCO thin films show second crossing point of the ͑T , B͒ curves, which is suggested to be the insulator-metal phase transition induced by high magnetic fields. We anticipate that much more high field will cause the oscillation of ͑T , B͒, which is similar to that of YBa 2 Cu 3 O 6.5 , 30 which may enlighten us on the subject of revealing the Fermi surface of electron-doped HTSC. These results can be used for a better understanding of LCCO and other electron-doped superconductors.
